Understanding molecular mechanisms which underlie transport of cesium (Cs + ) in plants is important 12 to limit entry of its radioisotopes from contaminated area to the food chain. The potentially toxic 13 element Cs + , which is not involved in any biological process, is chemically closed to the macronutrient 14 potassium (K + ). Among the multiple K + carriers, the high-affinity K + transporters family HAK/KT/KUP is 15 thought to be relevant in mediating opportunistic Cs + transport. On the 13 KUP identified in 16
INTRODUCTION 26
Cesium is an alkali metal occurring generally at low concentration in soil solution where it is present 27 predominantly as the monovalent cation Cs + (Greenwood & Earnshaw, 1984) . Although it has not been 28 involved in any biological process to date, Cs + is taken up by plants and can even be toxic (Hampton et 29 al., 2004) . Due to its low environmental concentration, the chemical toxicity of stable Cs + is rarely 30 relevant in natural conditions (White & Broadley, 2000) . By contrast, the radiological threat of 134 Cs 31 and 137 Cs, two radioisotopes of Cs + originated from nuclear activities, is a concern for environment and 32 human health in contaminated areas. These two β-and γ-emitting radionuclides were among those 33 unintentionally released at harmful levels during nuclear accidents including those at Fukushima 34 (Japan, 2011) and Chernobyl (Ukraine, 1986) (Steinhauser, Brandl & Johnson, 2014) and remained 35 monitored due to their relative long half-lives (2.06 and 30.17 years for 134 Cs and 137 Cs respectively). 36
Contaminated food is regarded as a major source of radionuclides exposure for humans after the initial 37 phase of a nuclear accident (Hamada & Ogino, 2012) . Therefore, understanding transfer of 38 radiocesium in plants remains a challenging question for reducing its transfer into the food chain 39 through development of "safe crops" which accumulate less amounts of radionuclides, or through 40 phytoremediation strategies to remove Cs + from soils (White & Broadley, 2000) . 41
To date, it is commonly admitted that plants do not discriminate significantly stable and radioactive 42 isotopes of Cs + (White & Broadley, 2000) which are used indifferently for uptake experiments. Cs + 43 shares closed chemical properties with the macronutrient K + (Bowen, 1979) and early studies 44 demonstrated that mechanisms underlying Cs + and K + uptake in plants were also similar (Collander, 45 and a low-affinity transport system (LATS) operating in the millimolar range (Bange & Overstreet, 1960; 48 Shaw & Bell, 1989 ). In addition, several studies on different plant species described a competitive 49 effect of external K + on Cs + uptake (Kondo et al., 2015; Middleton, Handley & Overstreet, 1960; Sacchi, 50 Espen, Nocito & Cocucci, 1997; Smolders, Kiebooms, Buysse & Merckx, 1996) . Since Cs + has no relevant 51 physiological role in plants and given the above-mentioned evidences suggesting that K + and Cs + share 52 the same transport mechanisms, it is generally assumed that Cs + entry in plants is mainly mediated 53 through K + transporters (White & Broadley, 2000) . 54
Multiple transport systems are involved in plant K + acquisition and contribution of each individual 55 system depends on the external K + concentration (Alemán, Nieves-Cordones, Martínez & Rubio, 2011) . 56
In the same way, K + supply also affects contribution of each pathway mediating Cs + uptake. In the 57 model plant Arabidopsis thaliana, Non-selective Cation Channels (NSCC) are assumed to mediate a 58 significant part of Cs + uptake under sufficient K + -supply (Hampton, Broadley & White, 2005; White & 59 Broadley, 2000) . The Arabidopsis Zinc-Induced-Facilitator-Like-2 (ZIFL2) carrier is also involved in Cs + 60 partitioning in K + -replete plants (Remy et al., 2015) . In contrast, the Shaker channel AKT1 which is a 61 major contributor of K + uptake in roots of A. thaliana (Hirsch, Lewis, Spalding & Sussman, 1998) , is Cs + -62 sensitive (Bertl, Reid, Sentenac & Slayman, 1997) but is not relevant for plant Cs + uptake (Broadley, 63 Escobar-Gutiérrez, Bowen, Willey & White, 2001) . 64
In K + -starved plants, transporters encoded by the HAK/KT/KUP genes family (named KUP in the 65 following) have been pointed out as a relevant pathway for Cs + (Rubio, 66 2000; White & Broadley, 2000) . This statement is supported by several evidences among those the 67 role of bacterial KUP transporters in Cs + uptake (Bossemeyer, Schlösser & Bakker, 1989) , the 68 demonstration that Cs + uptake in maize roots is mediated by K + HATS (Sacchi et al., 1997) transporter has been demonstrated to be involved in Cs + influx when expressed in an Escherichia coli 77 mutant defective in K + transport systems (Kobayashi et al., 2010) , no role in plant Cs + accumulation has 78 been reported for KUP9 up to now. Using A. thaliana mutants disrupted in KUP9 gene, we provide in 79 planta evidence that KUP9 play a significant role in Cs + accumulation whereas its disruption does not 80 alter substantially K + homeostasis. 81
82

MATERIAL & METHODS 83
Plant material 84
Arabidopsis thaliana ecotype Columbia-0 (Col-0) was used as the wild-type. Consequences of a 85 disruption of KUP9 was studied using two independent kup9 T-DNA insertion lines obtained from the 86 SAIL (N862313) and the SALK (N670022) collections respectively. T-DNA insertion was checked and 87 homozygous lines were identified using combination of T-DNA border primers and gene specific 88 primers as outlined in the online protocol "Screening SALK T-DNA mutagenesis lines" (University of 89
Wisconsin, Madison Knockout Facility and Ohio State University, Arabidopsis Biological Resource 90
Center https://www.mcdb.ucla.edu/Research/Goldberg/HC70AL_S06/pdf/Expt6protocol.pdf). In the 91 following, the SALK_108080C mutant line with T-DNA insertion located in exon 9 and the SAIL_211_E04 92 mutant line with T-DNA insertion located in intron 2 are named respectively kup9-1 (Tenorio-Berrío et 93 al., 2018) and kup9-3 ( Fig. 1) In subsequent experiments, basic composition of the nutritive media with controlled K + and Cs + 106 content is: 0,75 mM MgSO4, 2 mM Ca(NO3)2, 0,5 mM H3PO4, 3,5 mM MES, 10 µM Fe-EDTA, 3,6 µM 107
MnSO4, 74 nM (NH4)6Mo7O24, 3 µM ZnSO4, 9,25 µM H3BO3, 785 nM CuSO4, pH adjusted to 5.8 with 108 NMDG (and 1% (w/v) agar for agar plates only). K + and Cs + concentrations on the different conditions 109 were adjusted with KCl and CsCl. 110
K + , Rb + and Cs + accumulation in seedlings 112
Accumulation experiments in plants were performed in hydroponics conditions with the nutritive 113 solution described above. Protocol for long-term Cs + accumulation assays in hydroponics conditions is 114 described elsewhere (Genies et al., 2017). Briefly, after acclimation to hydroponics, 25 days-old (± 1 115 day) plants were grown in 10 or 3000 µM K + -solution during 5 days and then exposed for 7 days to 1 116 µM Cs + . In order to alleviate detrimental effects of changing the solution composition, K + concentration 117 remained the same before and during exposure to Cs + . Some plants remained in the Cs + -free solution 118 to analyse K + -content after growing in 10, 100 or 3000 µM K + -solution. Renewing of the solutions was 119 performed every 2-3 days to avoid significant depletion in the medium due to uptake by plants. Benchkote paper and then oven dried (3-5 days at 50-60 °C). Aliquots (5 mL) of agar media and plants 149 dried matters were mineralized in HNO3 65% (5 or 10 mL for plants and agar media respectively) and 150 H 2 O 2 30% (1.5 or 3 mL) at 100-150 °C on a sand bath. Mineralisates were evaporated to dryness and 151 redissolved in HNO3 2% v/v prior to analysis. 152
In all substrates, Rb + and Cs + were quantified by ICP-MS (Inductively Coupled Plasma-Mass 153 Spectrometry, PQ Excell Thermo Electron with S-Option, detection limit 5 ng.L -1 ) and K + content by ICP-154 AES (-Atomic Emission Spectrometry, OPTIMA 8300, Perkin Elmer, quantification limit 10 μg.L -1 ). 155 proKUP9:GFP-KUP9 constructs were obtained using the floral dip method (Clough & Bent, 1998) . 193
194
RESULTS
195
KUP9 is preferentially expressed in roots and pollen and is affected by K + supply 196
Reporter gene experiments were performed to determine spatial expression pattern of KUP9 in plants. 197
Transgenic Arabidopsis lines expressing a GFP-GUS fusion protein under the control of the native KUP9 198 promoter (ProKUP9:GFP-GUS) were generated. Following staining of different plant parts (Fig. 2) , GUS 199 coloration was observed mainly in 7 days-old seedlings roots and mature plants flowers. In leaves, GUS 200 coloration was not detected in most cases or was restricted to small areas often close to the base of a 201 trichome. 202
In roots, GUS coloration was notably stronger in seedlings growing in nutritive solution containing low 203 level of K + (Fig. 2 .A and C) suggesting that K + supply affects KUP9 transcription in 7 days-old Arabidopsis 204 seedlings. This result was verified by quantitative PCR which indicated that KUP9 expression is 1.4 fold 205 higher (p-value 0.005) in Col-0 grown in low K + supply compared to sufficient K + condition (Fig. S1) . Confocal microscopy analysis of the GFP signal in transgenics lines revealed that KUP9 transporter is 211 likely addressed to the plasma membrane ( Fig. 3) . 212
As for ProKUP9:GFP-GUS, GFP signal was not detected in ProKUP9:GFP-KUP9 transgenic lines 213 suggesting that the KUP9 promoter activity was not sufficient. 214 kup9 mutants do not display defective K + homeostasis 216 Different members of the KUP/HAK/KT family have been shown to be involved in K + transport in A. 217 thaliana. In the case of AtKUP9, there is no evidence in planta but it likely mediates K + influx when 218 expressed in an Escherichia coli mutant strain which lacks its three major K + uptake systems (Kobayashi 219 et al., 2010) . To further understand its role in plant K + transport, kup9 Arabidopsis mutant lines were 220 compared to wild-type plants for their K + status under three different levels of K + supply (Fig.4) . 221
Under low (10 µM) and sufficient (3000 µM) K + supply, shoot K + content tended to be higher in kup9 222 mutant lines compared to Col-0 whereas K + content in roots were nearly the same for the three lines 223 in all tested levels of K + supply. In addition, there were no significant differences for Rb + (used as a K + 224 tracer) influx in plants lacking KUP9 compared to wild-type ( Table 1) In vertical plates containing low amount of K + (10 µM), primary root elongation of both kup9 mutant 243 lines was significantly lower than those of wild-type plants when Cs + concentration reached 100 µM 244 ( Fig.5.B ). Thus, plants lacking KUP9 appeared more sensitive to Cs + when grown under low K-supply. 245
Conversely, HAK5 disruption enhanced Cs + tolerance under this same condition which is consistent 246 with its role in Cs + uptake. Discrepancies in Cs + toxicity between the different lines were not visible in 247 plants grown in higher amount of K + (1000 µM). 248 249 kup9 mutants accumulate more Cs + 250
Toxicity of Cs + in plants may originate from K + starvation caused by the presence of Cs + in the 251 rhizosphere (Maathuis & Sanders, 1996) and is related to the Cs + :K + concentration ratio at tissue level 252 (Hampton et al., 2004) . Since KUP9 disruption does not alter negatively K + status but does increase 253 sensitivity to Cs + , we wondered whether it affects Cs + accumulation in planta. Cs + accumulation was 254 compared in Col-0 wild-type and kup9 mutant lines exposed to 1 µM CsCl during 7 days in hydroponics 255 conditions ( Fig.6.A) . A hak5 mutant line was also used to validate our experiments. In plants grown 256 with sufficient K + supply (3000 µM), disruption of KUP9 and HAK5 had no significant effect in Cs + 257 accumulation. When K + supply was low (10 µM), Cs + accumulation increased with different extent 258 depending on the plant line. As expected under low K + supply, plants lacking HAK5 accumulated 50% 259 less of Cs + than the wild-type. In the same condition, disruption of KUP9 had the opposite effect 260 resulting in a higher accumulation of Cs + than the wild-type (around 30% more). This is consistent with 261 a recently published experiment performed in liquid media containing 500 µM K + and 300 µM Cs + 262
showing that kup9-1 seedlings accumulate more Cs + than the wild-type Col-0 (Adams, Miyazaki & Shin, 263 2019). 264
Examining separately shoot and roots Cs + contents ( Table 2) To further investigate mechanisms leading to an increase of Cs + accumulation in plants lacking KUP9, 272 fluxes of Cs + between roots and the external medium were measured in wild-type and in kup9 mutant 273 lines ( Fig.6) . First, K + -starved plants were exposed to a K + -free solution containing Cs + . In 24 h, amount 274 of Cs + in this solution decreased by 74 to 85% in kup9 mutant lines whereas only 30% was taken up by 275 wild-type plants. Divergences between lines appeared within the first three hours but are not clear 276 during the first hour suggesting that effects of KUP9 disruption on Cs + transport is not immediate. 277
Contaminated plants were then transferred in a Cs + -free solution in which Cs + release was followed. 278
Significant amount of Cs + was detected in the external medium from the first hour suggesting that Cs + 279 is quickly released by plants. After 24 h, the initially Cs + -free solution contained 2.71 µM (± 0.57), 4.07 280 µM (± 0.39) and 3.47 µM (± 1.15) of Cs + for Col-0, kup9-3 and kup9-1 respectively. Interestingly, it was 281 noticed that kup9 lines released less Cs + than wild-type in proportion when amount of Cs + released in 282 the solution was normalized by amount of Cs + accumulated in plants at the beginning of experiment. 283 284 DISCUSSION 285
KUP9 prevents Cs + accumulation in plants 286
Cs + accumulation in plants depends on the level of K + -supply and several K + transporters have been 287 shown to mediate opportunistic Cs + fluxes (Fig. 7) . Role First, kup9 mutant lines display higher sensitivity to Cs + which is reflected by cotyledons bleaching and 295 reduced root elongation for lower Cs + concentrations compared to wild-type. When used in the 296 millimolar range, Cs + induces K + decrease in shoots of intoxicated plants (Hampton et al., 2004) . In our 297 test, micromolar Cs + concentrations were sufficient to point out the higher sensitivity to Cs + in kup9 298 mutant lines and we did not measure significant decrease of K + status in shoot of Cs + -intoxicated plants 299 in these conditions (Fig.S2 ). Higher toxicity of Cs + in kup9 mutant lines is therefore likely linked to the 300 toxicity of Cs + itself rather than to a concomitant alteration of K + status in shoot. This is supported by 301 the second point showing the role of KUP9 in Cs + transport, which is the higher accumulation of Cs + in 302 kup9 mutant lines. Conversely to results showing that AtKUP9 mediates Cs + uptake when expressed in 303 E. coli mutants (Kobayashi et al., 2010), our results demonstrate therefore that KUP9 is not directly 304 involved in Cs + influx in roots of A. thaliana but participate to the limitation of Cs + accumulation in 305 plants. Such discrepancies between heterologous and in planta analyses have been discussed 306 elsewhere and imputed for instance to artificial interactions with heterologous structures or to the 307 lack of regulatory proteins from the native organism (Dreyer et al., 1999) . 308
Level of K + -supply has a major effect on Cs + accumulation in plants. This is linked to several factors such 309 as the competition between the two cations for the same transport systems and the control of 310 transporter expression by K + -supply. In our study, kup9 mutants displayed enhanced Cs + accumulation 311 only when supplied with low level of K + . We suggest that, at sufficient K + -supply (mM range), relative 312 lower transcription of KUP9 in wild-type plants and higher external Cs + dilution may blur discrepancies 313 between kup9 and wild-type Cs + accumulation. 314
In the present study, we have shown that Cs + release from roots to external solution is proportionally 315 two times lower in plants lacking KUP9 compared to wild-type. Taking this result together with the 316 localisation of KUP9 transporter in root cells of pro35S:GFP-KUP9 transgenic lines, we propose that 317 KUP9 participate to the efflux of cations from roots (Fig. 7) . This is supported by similar results 318 suggesting that the KUP6 sub-family, i.e. KUP6, KUP8 and KUP2 (Fig. 8) homeostasis. At the contrary of Cs + , K + is involved in many biological processes and K + homeostasis is 337 tightly regulated. Therefore, compensatory mechanisms through redundant functions of K + carriers 338 could be induced in the tested kup9 mutant lines blurring potential discrepancies with wild-type plants. 339
Based on the phylogenetic relationship between KUP9, KUP10 and KUP11 (Fig. 8) it could be interesting 340 to investigate the triple mutant as it has been done for KUP2, KUP6 and KUP8 pointing out their role 341 in K + efflux (Osakabe et al., 2013). 342
Primary plant role of KUP9 could also be significant in other plant stages not tested in this study. 343
Activity of GUS reporter in transgenic plants carrying the ProKUP9:GFP-GUS construct reveals 344 expression of KUP9 in certain pollen grains (Fig. 2D) . This is consistent with previous transcriptome However, the fact that Cs + enters plants through K + transport system is a major constraint for 354 phytoremediation strategies. Controlling expression of major potassium transporters, such as HAK5, 355 to increase/decrease plant Cs + acquisition without disturbing K + nutrition may imply to modulate their 356 specificity (Alemán et al., 2014). By contrast, the two kup9 mutant lines tested in the present study 357 display higher Cs + accumulation without significant alteration of K + status when supplied with low level 358 of K + . We proposed that KUP9 may prevent Cs + accumulation releasing it from root cells and that the 359 potential role of KUP9 in K + homeostasis appears to be minor in experimental conditions used here. 360
Manipulating expression of such minor K + transporters, whose disruption does not alter plant K + 361 acquisition but does enhance substantially Cs + accumulation, may offer a valuable alternative for 362 phytoremediation strategies. 363
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